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Abstract: Due to high investment and maintenance costs, the government on Bangladesh is unable
to provide sufficient support for grid extension and supplying electricity to remote or rural areas.
The deficit in electricity introduces a crisis in powering irrigation systems, which influences negatively
the country’s dominant income-generating sector, agriculture. Islanded microgrids with solar
photovoltaic (PV) cells is one of the most attractive solutions for providing power to rural areas due to
their cost-effectiveness, reliability and environment-friendly attributes. Therefore, a techno-economic
feasibility study has been undertaken to investigate the prospects of renewable energy-based
islanded microgrids to support rural electrification to power both households and irrigation systems.
Three case studies based on the operation time of irrigation pumps during the day are developed
using the HOMER Pro Microgrid Analysis Tool to identify the optimised configurations for the
proposed system. The optimised configurations are then assessed considering the performance
matrices of the cost of electricity (COE), net present cost (NPC), greenhouse gas (GHG) emissions
and renewable energy fraction (RF). From the analyses, it is perceived that the operation of irrigation
pumps at different times of a day is a significant influence, and the optimum method considering
techno-economical evaluation is to run the irrigation pumps during the daytime by solar PV.
It is evident that the proposed islanded microgrid has significant potentialities in powering irrigation
systems as well as rural electrification with low energy generation costs, a contribution to the
reduction of global warming and to ameliorating the energy crisis in Bangladesh in order to achieve
a sustainable future.
Keywords: energy crisis; irrigation; microgrid; solar photovoltaic (PV); Bangladesh
1. Introduction
Global energy demand is increasing daily with the growth of population. More than 1.2 billion
people or roughly a quarter of the global population in the world do not have reliable electricity
including over 50 million people in Africa and 300 million people in India [1]. Most of the rural areas
that are far from mainland urban areas lack access to energy services as well as, modern facilities,
which is considered a significant global development challenge. However, affordable and clean energy,
stated in Goal 7 of the Sustainable Development Goals (SDGs), is one of the key enablers for the
SDGs introduced by the United Nations Development Programme (UNDP) in January 2016. The main
agenda of the goal is to ensure reliable, sustainable and efficient electricity to all [2]. Most countries
are currently working towards achieving this goal. Moreover, currently the energy is being mainly
supplied from fossil fueled power generation that contributes greenhouse gas (GHG) emissions which
adversely affects global climate conditions [1,3]. In contrast to fossil fuels, renewable energy (RE)
sources like solar, wind, hydro, geothermal, tidal, biomass, etc. are the most suitable alternatives for
providing emission-free, sustainable and clean energy for society.
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Due to high initial investment and maintenance costs, governments, particularly in the developing
countries, are becoming more reluctant to provide capital funding for grid extensions to deliver
electricity to remote locations or rural areas. Hence, rural areas have either no electricity or have
small-scale stand-alone power systems, such as diesel generator-based power systems, often without
renewable energy sources or with only small scale solar photovoltaic (PV) systems to supply power.
RE integrated systems concentrating on a small entity encourages interest worldwide in providing
more sustainable forms of energy to remote populations. Therefore, a small unit of such a power
system, called a microgrid (MG) or minigrid, can be considered as a viable solution to maintain
continuity of power supply in the rural community for critical loads as well as support reduction
in GHG emissions by utilising available renewable sources effectively. A microgrid is a low-voltage
distribution network, and it can either be grid-connected or an off-grid autonomous system [1,4,5].
From the available research, it is evident that hybrid power systems with RE sources can be reliable,
cost-economic, effective and more sustainable compared to either grid-connected or stand-alone
generators utilising a single fossil fuel-based power source [1,4,5]. Many countries around the world
such as, Bangladesh, India, South Africa, and Australia are currently doing in-depth research to deploy
microgrid-based energy-efficient and reliable power systems for rural communities [4–9].
In Bangladesh, approximately 75% of the population in rural areas have no electricity in their
homes [10]. Efficient electricity supply is necessary for the economic development of the country
as well as delivery of key public services, including health, education, and infrastructure [11].
Access to consistent and sustainable electricity can help support income-generating activity,
in particular to support irrigation which contributes 16% of the country’s GDP [12].
Bangladesh possesses a significant potential for electricity generation from renewable energy
resources such as solar PV, wind, hydro and biomass. Solar PV has been an emerging technology
for the last decade in Bangladesh, mainly in the form of solar home systems (SHS) in rural areas,
which can only meet the basic demands of individual households. There are a few off-grid minigrid
hybrid systems developed with solar PV that are in operation now [7,8,13].
Bangladesh’s government has taken many initiatives to utilise renewable energy sources,
particularly solar PV, to address the electricity crisis of remote areas [14]. The solar home system
(SHS) was initiated in 2003 to provide electricity to the remote communities of Bangladesh and
gained worldwide recognition. Up to May 2017, approximately 4.12 million SHSs have been installed
throughout the country under this program, which is cost-effective and environment-friendly [15].
These small electricity access systems consist of a 20–100 Wp solar panel, a lead acid battery,
a charge controller and basic loads currently providing reliable electricity to more than 16 million
people in off-grid remote areas. However, major limitations of this electrification option include:
affordability of the poorest demographic segment [16]; limitations to utilising the energy for productive
purposes [17] as the systems often suffer from excess capacity because they are generally designed
over-sized to ensure high reliability; and the systems are not flexible regarding usage patterns and
payment methods [18]. Moreover, a field-based investigation identified several shortcomings, mostly
during the implementation stage, such as poor quality components, poor installation, and absence of
quality control mechanisms [7].
Islanded microgrids with distributed energy resources, also referred to as minigrids in literature,
have been increasingly attractive in recent years in the rural areas of Bangladesh as they can provide
reliable power to the community. A detailed study of the hybrid minigrid project in Bangladesh
is discussed in [7] and [8]. Chowdhury et al. [7] indicate that the minigrid can be a useful tool to
achieve the Sustainable Energy Access for All (SE4A) [19] goals as the proposed hybrid minigrid
system is technically and economically viable for Bangladesh. In addition to techno-economic analysis,
Bhattacharyya [8] presented a business case analysis of a minigrid-based electrification system for
Bangladesh. Model results show that low-energy consumers will pay almost one-half of the cost
of owning an SHS for a comparable level of energy use. However, the proposed system is not
economically viable if the consumer uses a high volume of energy, which requires significant upfront
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costs. A large-scale minigrid also introduces energy losses during the off-peak period. Therefore,
the author suggested a small-scale mini-grid based electricity supply that provides a basic level of
electricity to consumers.
On the other hand, electricity is also a critical need for irrigation purposes in the agricultural
sector, which employs approximately 47% of the total labour force in Bangladesh [2]. More than 80%
of the entire population depends on agriculture either directly or indirectly [20]. Bangladesh will
be self-sustaining in food grain production if adequate irrigation facilities can be provided. Natural
rainwater is almost sufficient for irrigation during rainy seasons; however, the irrigation requirement
is quite high all over Bangladesh during dry seasons [21]. As electricity is not available in the rural
areas, diesel generators are widely used for irrigation, which is not only a costly solution but also
emits GHG into the atmosphere. Solar-based irrigation systems have started to be used recently
in Bangladesh due to the availability of solar exposure, easy installation and the declining price of
solar panels. The solar photovoltaic (PV) water pumping system is one of the reliable, efficient and
cost-effective irrigation systems that meet energy demands and contribute to the socio-economic
development of Bangladesh [20,21]. To increase the country’s irrigated land area as well as food
production, the government of Bangladesh took the initiative to install 10,000 solar-powered irrigation
pumps by 2016 which would save US $100 million in fuel subsidy costs over 20 years and reduce
CO2 emissions by an annual 126,000 tons [20]. However, solar pumping is not suitable for very high
demand as the capacity of the single unit is very low. The water yield of the solar pump changes
according to variation in solar radiation. Hence, it is mostly suitable for using at noon while the solar
exposure is maximum in order to benefit maximally [22]. Moreover, the irrigation systems should
minimise water losses and be built with control mechanisms that ensure efficient water utilisation.
From literature and research, it is evident that RE-based power systems are available that can
power the electrical loads (SHS, hybrid minigrid systems) and irrigation systems (solar PV pumping)
for the rural areas of Bangladesh. However, there is no research available that has analysed the
impact of powering both the community loads and irrigation systems from a single microgrid or
minigrid system. Recently, a preliminary analysis was conducted to investigate the suitability of a solar
PV-based hybrid power system for different scenarios of irrigation load [23]. Further research with
refined data has been proposed in this study to develop a fully-fledged sustainable electrification
solution for the remote communities of Bangladesh that can provide power to the community and
irrigation systems efficiently with less cost. This current research aims to investigate the potentialities
of a microgrid with distributed energy resources for rural areas considering cost-economic and
environmental benefits using the HOMER Pro Microgrid Analysis Tool [24]. Outcomes of this research
will be a useful tool for power utilities and government bodies in their planning for deployment of
distributed energy-based microgrids for rural communities to supply power to the community and
irrigation systems. The proposed research method can be used in any remote areas or any islands to
identify the techno-economic aspects for deployment of a distributed energy-based islanded microgrid
considering indigenous parameters such as renewable energy resources potential, community load
profile, irrigation demand, and cost of equipment for the individual areas.
2. Islanded Microgrid System
This study proposes the development of a renewable energy integrated microgrid system in
the rural areas of Bangladesh to support community loads and irrigation systems. A remote rural
area (22.0470 N, 90.630 E) located at the southern part of Bhola, the biggest island of Bangladesh,
is considered as the case study site as shown in Figure 1. The area consists of a large marketplace,
a couple of schools, mosques and general residential load, and has an irrigation demand for
approximately 50 hectares of land during dry periods.
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Figure 1. Location on the map of the selected site (map source: www.maps.google.com). 
The proposed hybrid system comprises of solar PV, diesel generators, battery, converters, and 
loads. From the primary analyses, it can be observed that using two different diesel generators 
instead of one is economic and increases the reliability of the system and decreases the overall fuel 
consumption, and hence this study has considered two diesel generators. All the PV panels are 
connected to the grid through the inverter, and the battery bank is connected through a bi-directional 
inverter as depicted in Figure 2. The site demography and energy consumption pattern are analysed 
to estimate the prospective load for the hybrid microgrid system. Different sizes and combinations 
of equipment are simulated and analysed for various load patterns to reach the optimal design of the 
hybrid microgrid for the selected area. 
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Figure 1. Location on the map of the selected site (map source: www.maps.google.com).
The proposed hybrid system comprises of solar PV, diesel generators, battery, converters,
and loads. From the primary analyses, it can be observed that using two different diesel generators
instead of one is economic and increases the reliability of the system and decreases the overall fuel
consumption, and hence this study has considered two diesel generators. All the PV panels are
connected to the grid through the inverter, and the battery bank is connected through a bi-directional
inverter as depicted in Figure 2. The site demography and energy consumption pattern are analysed
to estimate the prospective load for the hybrid microgrid system. Different sizes and combinations of
equipment are simulated and analysed for various load patterns to reach the optimal design of the
hybrid microgrid for the selected area.
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2.1. Load Analysis
The typical electricity consumption in rural areas/villages is not high compared to the urban
areas of Bangladesh. The significant loads are in the form of lighting and cooling (fans). With the
introduction of the microgrid, a better growth of commercial loads in the likes of sawmills, husking
mills, and grinding mills is expected and, accordingly, the energy consumption trend and pattern are
assumed to change in a way that increases the daytime load significantly. Moreover, irrigation pumps
are also expected to play a key role in the daily load consumption pattern based on the control and
design of the system.
The energy usage pattern of rural populations within the existing microgrid areas is described
in [7,25]. It is shown in [25] that the major energy consumption is not coming from the lighting and
cooling load, rather, the appliances run by the motor are consuming the greatest proportion of the
electricity. The motor-based appliances are mainly industrial machines that include air compressors,
wood-working tools, marble/wood cutters, lathe machines, etc. Hence, the commercial loads are
increasing with the introduction of the hybrid microgrid, and most of these loads are operated during
the daytime. On the other hand, there is a significant demand for irrigation during the dry season.
The irrigation loads mainly depend on the type of crops and total area for irrigation [26,27]. Moreover,
as the mobile telecommunication networks are expanding rapidly in Bangladesh, the base transceiver
stations can be powered from the microgrids in the rural areas.
In this study, the loads of the selected site have been divided into two categories.
Primary load: this includes the domestic load, community (schools, mosques) load, and commercial
load. The primary loads are formulated based on the socio-economic condition and current trend
of the energy consumption of the site. The energy consumption pattern of minigrids mentioned
in [7,25,28] and the field survey conducted in [29] are also taken into consideration for load estimation.
Figure 3 shows the primary load curve of a typical day in summer and winter. A high daytime load is
estimated because of the expected industrial growth with the introduction of the microgrid. However,
the demand in summer is generally higher than that of winter, mainly because of the high cooling
demand. Typical seasonal and daily variations of the primary load are shown in Figure 4.
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Figure 4. Daily and seasonal variations of primary load (in kW).
Irrigation load: in Bangladesh, the period from November to April has no or little rainfall. However,
this is a major cultivation period and it, therefore, requires irrigation. The main crops that are cultivated
during the dry season include boro rice, wheat, potato, maize, tomato, pulses and winter vegetables.
However, among these crops, boro rice requires more than 90% of the irrigation [27]. Therefore,
in this study, the irrigation load for boro is taken into consideration. Based on various statistics found
in the literature it has been estimated that, for the southern part of Bangladesh, approximately 6000 m3
of irrigation water is required per month per hectare of land for boro rice [27,30,31]. In this study,
it is estimated that 20 irrigation pumps of 2 kW power rating are required to irrigate 50 hectares of
land of the selected area from November to May. The irrigation pumps need to run on average 9 h
each day to meet the irrigation demand [7,30]. Figure 5 shows the average energy required per month
for irrigation.
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2.2. Study Case Development
During the dry season, the irrigation pumps are required to run for around 9 h in a day.
The electricity demand of the 20 irrigation pumps of 2 kW accounts for a significant value compared to
the primary load. Therefore, the period of running the irrigation pumps has a significant impact on
the hybrid microgrid system sizing and operation strategy. Three case scenarios have been developed
in this study based on the time of running the irrigation pumps.
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2.2.1. Case-1
In this case study, the irrigation load is considered as the deferrable load and added with the
primary load. Deferrable load is the electrical load that must be met within some period, but the
exact timing is not important [24]. Therefore, the irrigation pumps are expected to run based on the
condition of the other loads and generations. In this case, the irrigation pumps need to run 9 h in a day
and these 9 h can be any time within the 24 h of any day.
2.2.2. Case-2
The irrigation pumps operate only during the day, from 9 a.m. to 6 p.m. while there is a reasonable
solar generation available. In this case study, the irrigation pumps are merged with the primary load
and, hence, daytime load has increased significantly along with the peak load being changed.
2.2.3. Case-3
In this case study, the irrigation pumps run only from 11 p.m. to 8 a.m. while there is no generation
from solar PV. The irrigation pumps are merged with the primary load and the system peak load is
significantly decreased compared to Case 2.
3. System Modelling
The hybrid microgrid analysis software HOMER Pro [24,32] is a powerful tool for techno-economic
analysis of microgrids. The three case scenarios stated earlier are modelled in HOMER to identify the
optimal system configuration of the hybrid system. The schematic system designs considered for the
simulations are shown in Figure 6.
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3.1. Optimisation Constraints
To maintain the system’s reliability and efficiency, the case studies are analysed considering the
following constraints:
Capacity shortage: the total capacity deficiency that occurs throughout the year is called the
annual capacity shortage. The ratio of annual capacity shortage and total annual electrical demand is
termed the capacity shortage fraction as shown in Equation (1).
fcs =
Ecs
Edemand
(1)
where Ecs is the annual capacity shortage in kWh/yr, and Edemand is the annual electrical demand
in kW /yr.
Energies 2018, 11, 1283 8 of 19
The systems that have a higher capacity shortage fraction value than the maximum allowable
capacity shortage fraction are considered as unacceptable. In this study, the maximum allowable
capacity shortage is considered as zero. Hence, the systems are designed in such a way that there is no
capacity shortage; the entire demand should be met. It is worth mentioning that the demand includes
the operating reserve.
Renewable fraction: the renewable fraction (fren) is the contribution of the renewable energy
sources to meet the load. It is calculated using Equation (2):
fren = 1 −
Enonren
Eserved
(2)
where Enonren is the non-renewable energy production in kWh/yr, and Eserved is the total energy
production in kWh/yr.
In this work, the accepted minimum renewable fraction is set as zero to observe the systems with
and without solar PV.
Operating reserve: a surplus operating capacity that ensures reliable and smooth operation in
case of a sudden failure/incident. In this study, the operating reserve is considered as 10% of the
current load and 25% of the solar power output of any time step.
3.2. Dispatch Strategy
Being a system, which is a combination of renewable energy sources, a storage device (battery),
and diesel generators, a specific dispatch strategy is essential. Dispatch strategy refers to the set of rules
to control operation of the diesel generators and to charge and discharge the battery under different
circumstances. Several dispatch strategies for hybrid power systems are discussed in [32,33]. However,
in this study, only two dispatch strategies are considered, these being cycle charging (CC) and load
following (LF) [34]. In the CC strategy, the prime role of the generators is to serve the primary load.
Excess generation after meeting the primary load is used to serve the deferrable load and charging the
battery bank. However, there is a provision to restrict the amount of charging of the battery bank from
the generators by means of “Set-point State of Charge”. In the LF strategy, the generators operate only
to serve the primary load (and operating reserve). Charging the battery bank and serving deferrable
load is the responsibility of the renewable energy sources.
The diesel-off operation is enabled in this study; diesel generators are not required to run just
to support grid frequency and voltage. The inverters used in the microgrid are expected to have
grid-forming capabilities. Multiple generators are also allowed to run at the same time if needed.
3.3. Model Input
Solar PV: Generic flat-plate PV without a tracking mechanism is considered in this study.
Considering the available area of the selected site, the maximum size of the PV panels is limited
to 300 kWp. Flat-plate PV arrays absorb global horizontal irradiation (GHI) to convert it into electricity.
GHI accounts for the summation of direct beam radiation, diffuse radiation and any reflected radiation.
Therefore, GHI is the main input data required to calculate the PV output power. GHI of the study area
is collected from the National Aeronautics and Space Administration (NASA) Surface Meteorology
and Solar Energy data [35]. The annual average solar radiation is 4.52 kWh/m2/day and it is evident
that, in the middle of the year from June to September, the incident solar radiation is comparatively low,
mainly due to poor clearness index of the rainy season as shown in Figure 7. However, solar radiation
is comparatively high in the months of February to May. Another input parameter is a derating factor
which is a scaling factor to consider the reduced output in practical operating conditions due to soiling
of the panels, wiring losses, shading, aging, and temperature (if not modelled separately).
Generator: Diesel fueled gensets are considered in this study. The generators are regulate to
operate at least 25% of their capacity, and once started will run a minimum of 30 min. The generators
are named as Gen-1 and Gen-2.
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Battery: In this study, one string consists of 24 generic 1 kWh lead acid (LA) batteries which result
in string voltage of 48 V. The initial and minimum state of charge (SOC) of the batteries is considered
as 0% and 40% respectively.
The sizes of different equipment considered for optimisation and sensitivity analysis are shown
in Table 1. However, these values are considered based on the knowledge gained from several trial
simulations. The capability of HOMER to select the optimised size from a range is used for the LA
battery string, PV array, and system converter.Energies 2018, 11, x 9 of 18 
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Economic input: The economic input plays an important role in optimal design of the hybrid
system. The costs of different components of the system are taken from [28] which are based on
the local market in Bangladesh and follow the standard required by the Infrastructure Development
Company Limited (IDCOL). The estimated cost of the components is given in Table 2. The cost of
diesel is considered as USD $0.80/L. The project lifetime considered for this work is 25 years.
Table 1. Sizes for optimisation of different equipment.
Equipm t Considered Sizes
Gen-1(kW) 0, 20, 30, 50, 60, 70
Gen-2 (kW) 0, 20, 30, 5 60
Photovoltaic (PV) dedicated converter (kW) 60, 70, 80, 90, 100, 110, 120
Lead acid (LA) battery (Number of string) Minimum: 0 and Maximum: 100
PV capacity (kW) Minimum:0 and Maximum: 300
System converter (kW) Minimum: 0 and Maximum: 300
Table 2. Equipment initial cost * [28].
Component Unit Cost Replacement Cost O&M cost
Generic flat panel PV 600/kW 400/kW 10/year/kW
Diesel generator 500/kW 400/kW 0.03/h/kW
LA battery 175/battery 150/battery 20/year/battery
Converter 250/kW 200/kW 5/year/kW
* costs are in USD. O&D—operation and maintenance.
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3.4. Performance Metrics
HOMER simulates different combinations with available component sizes in search space to
determine the feasible combinations and ranks the feasible combinations based on the net present
cost (NPC). The NPC of a system is the present value of all the costs of installing and operating that
component over the project lifetime, minus the present value of all the revenues that it earns over the
project lifetime. The cost includes capital cost, replacement cost, operation and maintenance (O&M)
cost, fuel cost and emission penalties. However, levelised cost of electricity (COE) is also a useful
metric to measure the cost of the systems. COE is the average cost per kWh of useful electrical energy
produced by the system [24]. In this study, the emissions incurred from any system are also considered
along with NPC and COE to select the optimum system.
4. Results and Analysis
Optimal system performance analyses have been carried out to evaluate the performance of the
proposed hybrid microgrid system. Possible feasible combinations are identified based on the given
constraints and inputs, and are ranked based on their NPC and COE.
Cycle charging (CC) dispatch is found as the optimal strategy for all the combinations considered
for Case-1 as shown in Table 3. Combination 1 comprising 208 kWp of PV, two generators of 30 kW
and 50 kW and a string of batteries is the most economical system for Case-1 as shown in Table 3.
This system is also contributing minimum CO2 emissions to the environment even though its renewable
fraction is slightly lower than some other systems as the operating period of the diesel generators is
comparatively low. Therefore, this design can be considered as the best system for Case-1 from both
the economic and environmental viewpoints.
The model also provides the time-series generation profile of each source to meet the load demand
of the optimised systems. Figure 8 shows the daily profile of generation and load of the system for
a random day of January (dry season) while irrigation is a mandatory requirement. The irrigation
load is distributed throughout the whole day. The solar PV is sufficient to fulfil the load demand
during the day while the diesel generators need to start at the end of a day, before sunset. The batteries
are charged by redundant power from the diesel generators due to the minimum running time and
minimum loading constraints (generators need to run at least 25% of loading and for 30 min once
started). As the system for Case-1 follows the CC dispatch strategy, the batteries are charged to at least
80% SOC once they start to charge. In this case, solar PV is enough to support the load during the day
while generators provided power from sunset to sunrise. It was observed that the solar PV and diesel
can almost fulfil the energy requirements and, hence, the size and autonomy (0.5 h) of the batteries are
small. From Table 3, Combination 2, it is found that a system without a battery can run economically
with a slightly higher fuel cost.
From Case-2 model analyses, it has been determined that a system with 240 kWp of PV,
two generators of 20 kW and 50 kW, and three strings of batteries is selected as the most economical
system considering the given constraints and inputs with their economic and environmental
parameters. Like Case-1, for all the combinations CC is also found as the optimum dispatch strategy
for Case-2. In Case-2, load demand during the day is very high as the irrigation pumps are running
during the daytime. Hence, solar PV is not enough to meet the demand always, which leads to the
occasional starting of the generators as shown in Figure 9. However, there may be a few instances
when generated solar power is more than the required load demand, particularly at the beginning of
the day when the additional energy is used to charge the batteries. On the other hand, after midnight
the load demand becomes too low. Therefore, a single generator and batteries take over the load and
hence the capacity and autonomy (1.5 h) of the battery are comparatively higher. This may be useful
during the rainy season when the solar PV output becomes more intermittent, and generators need to
start frequently.
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Table 3. Economic and environmental parameters of different optimised systems for Case-1.
Combination PV (kW) PV-Inv.(kW)
Gen-1
(kW)
Gen-2
(kW)
Battery
(No.)
Converter
(kW) Dispatch
Net Present
Cost (NPC) (M$)
Cost of Electricity
(COE) ($/kWh)
Renewable Energy
Fraction (RF) (%)
CO2 Emissions
(ton/yr)
1 208 90 30 50 24 11.7 CC 0.991 0.227 47 148.56
2 236 100 30 50 0 0 CC 1.02 0.232 48 149.57
3 267 90 50 0 120 17.5 CC 1.09 0.250 49 153.85
4 267 90 0 50 120 17.5 CC 1.09 0.250 49 153.85
5 271 110 70 0 0 0 CC 1.24 0.284 47 167.98
6 0 0 30 50 72 6.72 CC 1.46 0.334 0 279.76
7 0 0 30 60 0 0 CC 1.48 0.339 0 283.60
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The combination com rising 208 kWp of PV, wo generator of 20 kW and 50 kW, and 3 strings
of batt ries wi h a CC dispatch strat gy is th best system for Cas -3 c nsidering the e onomic and
environme tal paramet rs. Th peak load ccurs duri g the night n this case. Therefore, the generators
need to contribute mor , which r sults in a comparatively low renewabl fr ct on and a hig running
cost due to fuel consumption.
As shown in Figur 10, the solar PV output is sufficient to meet the daytime load in this case.
The maximum load occurs late at night when the irrigation pumps are running. The 1st generator
starts to ramp up in the evening, and the 2nd generator provides additional support when required.
The batteries are used to support the transition periods of the generators. Hence, the peak load of
irrigation pumping is mostly met from the generators, which results in higher fuel costs and emissions.
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Figure 10. Load and generation in a typical day of the dry season for the best combination of Case-3.
The simulation results show that, for all the combinations in all three cases, the CC dispatch
strategy is more economical than LF. Hence, batteries are always charged at least up to 80% of SOC once
charging has started. In addition, the generators have a minimum running time and loading constraints.
Hence, the batteries are charged by the generators on most occasions. In all cases, the batteries are
economically sized to provide support during the transition periods rather than taking the bulk share
of the load for long duration. However, in the LF dispatch strategy, the batteries are only charged by
the solar PV and, as a result, the system would become very expensive to accom odate larger-sized
PVs nd batteries. It is also evident f om the results that the systems without batteries are always
slightly mor expensive than the correspon ing syste with batteries as it requires running the diesel
generators for a longer period when there is no battery.
The system comparison of the selected best system from each case is shown in Table 4.
From the results, it is found that in Case-3, the diesel generators are mostly used to fulfil the electricity
requirements, as it needs to provide a greater amount of electricity during the night. In Case-2,
solar PV can fulfil the demand as the irrigation pumps run during the day. Accordingly, in Case-2
the maximum solar output is 110 KW, whereas in Case-1 and Case-3 that value is 90 kW and 80 KW,
respectively. Ultimately, Case-2 gets a greater contribution from the renewable energy source (solar PV)
than the other two cases. However, it is possible to increase the renewable fraction further by adding
more solar PV arrays to the system, but it would require more area to install and more upfront costs
which is practically unfeasible.
Table 4. Comparison of the best system of each case.
Case-1 Case-2 Case-3
PV array size (kWp) 208 240 208
Gen-1 size (kW) 30 20 20
Gen-2 size (kW) 50 50 50
Battery (number of batteries) 24 72 48
Converter size (kW) 11.7 15.4 12.6
PV dedicated converter size (kW) 90 110 80
NPC (M$) 0.991 0.847 0.989
COE ($/kWh) 0.227 0.217 0.249
Renewable Fraction (%) 47 55 40
CO2 Emissions (Kg/Yr) 148,562 124,418 168,631
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During the rainy season, the electricity demand is low without the irrigation load. However,
it does not introduce significantly higher excess electricity into the system, as the generation from
solar PV is low due to poor solar irradiance during rainy or cloudy days. Even the generators are
often called upon to meet the demand during the day as depicted in Figure 11. On the other hand,
there are instances of sunny days during the off-irrigation period, which results in some excess
electricity as seen in Figure 12. As the systems are designed for the worst-case scenario to meet 100% of
the demand over the year, it is difficult to avoid any excess electricity. Case-2 has around 19% of excess
electricity of the annual energy production with the other two cases having more than 25%. Battery
sizes can be increased with the LF dispatch strategy to store the excess energy; however, the simulation
shows that it is not an economic option. Moreover, the capacity of the batteries would remain unused
during the irrigation season. Other loads such as electric three-wheelers, electric bikes/boats can
be encouraged during this period to consume the extra energy; even though it may require specific
business and social policies for that.
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The NPC and COE of the best systems for the three cases are shown in Figure 13a,b. The NPCs of
Case-1, Case-2 and Case-3 are M$0.991, M$0.847 and M$0.989, respectively, while the COEs of Case-1,
Case-2 and Case-3 are 0.227 $/kWh, 0.217 $/kWh and 0.249 $/kWh, respectively. COE is the highest
for Case-3 as diesel generators are used for the maximum time. It is seen that, considering the whole
project lifetime, the most severe cost is the fuel cost and systems that generate energy from the diesel
generator are, therefore, more expensive. On the other hand, the initial cost of solar PV is very high
and requires high upfront costs compared to the diesel generators. Therefore, Case-2 has slightly
higher capital cost but significantly lower fuel cost as shown in Figure 14. From the cost breakdown of
the studied cases shown in Figure 14, it is seen that Case-2 requires the least cost with a minimum fuel
cost. Hence, the total NPC of Case-2 is lower than that of Case-1 and Case-3 as evident in Figure 13b.
Figure 15 shows the costs incurred throughout the project lifetime from different items of equipment
and it is seen that the highest cost incurred is from the gensets due to the cost of generators and diesel.
Figure 16 shows the CO2 emissions and renewable fraction for the studied three cases. Case-2
emits less CO2 and other GHGs compared to the other two cases as renewable energy contributes
more than 50% of the energy in this system.
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As identified from the simulation results, the systems using more diesel generators perform worst
regarding emissions and cost. Case-1 and Case-3 need to depend on diesel generators for more than
50% of the required annual energy as the maximum load demand occurs after sunset. Therefore,
in this study, Case-2 involving running the irrigation pumps during the daytime is a suitable option
considering both cost and environment. However, if in Case-1 the irrigation demand was distributed
throughout the day, this may facilitate the reduction of the capacity of the irrigation pumps. Therefore,
considering the cost of irrigation pumps, Case-1 would have better prospects. Finally, it can be
concluded that all the considered cases are viable based on economic and environmental attributes,
and the most suitable case for providing power to the community and irrigation systems is to operate
the irrigation pumps only during the day in alignment with the availability of PV generation.
5. Conclusions
Bangladesh is working towards achieving the Sustainable Energy for All (SE4A) goals and aiming
to ensure electricity for all by 2021 at a reasonable and affordable price. Moreover, the government
is trying to develop a sustainable/economically viable irrigation system to boost the agricultural
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sector. Recently, renewable energy sources have attracted the attention of policymakers for developing
energy systems and irrigation systems using these resources. In this study, a renewable energy
integrated microgrid has been developed for powering the rural communities and irrigation systems
of Bangladesh. From the analyses, it has been seen that the proposed system is not only cost-effective
but also environmentally viable and fulfils the energy requirements of the community and irrigation
systems. Significant findings from the study are:
• The time of operating irrigation pumps in a day during the dry season creates considerable
differences in the load pattern of the system.
• From the analyses, it is found that daytime irrigation reduces GHG emission as solar PV can
deliver the major portion of the energy requirements. Moreover, the levelised cost of electricity
and the net present cost are also comparatively lower in this case.
• The cost of the equipment and fuel plays a critical role in the sizing and operation of the system.
• It has been observed that a load following dispatch strategy is required to gain a very high
renewable fraction where batteries are totally charged by the solar PV. However, in this study,
a cycle charging dispatch strategy is deemed economical for all three cases.
This research can be used by policymakers and industrialists as a useful guideline in their planning
for deploying a renewable energy-based microgrid system in rural communities. Further research is
required in the following areas to develop an inclusive hybrid renewable energy integrated microgrid
systems for the future:
• Develop an optimum control strategy to manage energy demand of the community and irrigation
systems efficiently.
• Develop a business case model involving policymakers and stakeholders.
• Investigate the variable generation scenarios due to unpredictable solar PV.
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